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Abstract
Regulated exocytosis is a fundamental process that every secretory cell uses to deliver molecules
to the cell surface and the extracellular space by virtue of membranous carriers. This process has
been extensively studied using various approaches such as biochemistry, electro-physiology, and
electron microscopy. However, recent developments in time-lapse light microscopy have made
possible imaging individual exocytic events hence advancing our understanding of this process at
a molecular level. In this review, we focus on intravital microscopy a light microscopy-based
approach that enables imaging subcellular structures in live animals, and discuss its recent
application to study regulated exocytosis. Intravital microscopy has revealed differences in
regulation and modality of regulated exocytosis between in vitro and in vivo model systems,
unraveled novel aspects of this process that can be appreciated only in in vivo settings, and
provided valuable and novel information on its molecular machinery. In conclusion, we make the
case for intravital microscopy being a mature technique that can be used to investigate the
molecular machinery of several intracellular events under physiological conditions.
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Regulated exocytosis
Regulated exocytosis is one of the processes that secretory cells use to deliver molecules to
the cell surface and the extracellular space. Molecules destined for secretion are synthesized
in the endoplasmic reticulum, transported to the Golgi apparatus, processed, and sorted into
membranous carriers that are constitutively released from the trans-Golgi network (1). These
carriers, that can be vesicular or tubular in shape, are transported in a cytoskeleton-assisted
fashion to the cell periphery where they dock to the plasma membrane. This step is followed
by the fusion of the two lipid bilayers and the formation of the fusion pore, which permits
the release of soluble cargo molecules into the extracellular space (2). Docking and fusion
are triggered by specific extracellular signals that are transduced intracellularly by proteins
at the plasma membrane, such as G protein-coupled receptors, tyrosine kinase receptors, and
voltage-dependent calcium channels (1, 3). In addition, organelles that are not in the
secretory pathway, such as lysosome-related or endosome-derived vesicles can also undergo
regulated exocytosis using similar mechanisms (4, 5).
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The modality and the kinetics of regulated exocytosis vary considerably among the
numerous types of secretory cells. Indeed, exocytic membranes can undergo three different
processes after fusion with the plasma membrane: 1) full collapse, where they are
completely absorbed into the plasma membrane (6, 7), 2) kiss and run, where they detach
from the plasma membrane after the initial opening of the fusion pore and the partial release
of cargo molecules (8), and 3) compound exocytosis, where they fuse with the plasma
membrane (primary fusion event) serving as a docking site for other exocytic membranes
(secondary fusion events) generating a string of interconnected vesicles (Fig. 1A) (7, 9, 10).
This diversity in modality of regulated exocytosis may reflect the fact that the organization
of the plasma membrane, the morphology of the membranous carriers, and the nature of the
cargo molecules, differ among the various secretory organs. For example, in neurons,
neurotransmitters are transported in small vesicles (50-100 nm in diameter) that are released
from the axon terminal into the synaptic cleft within few milliseconds (11). In endocrine
glands, molecules destined to secretion are transported in vesicles (60-300 nm in diameter)
that are released at the plasma membrane into the extracellular space, diffuse through the
stroma, and eventually reach the bloodstream (12). In exocrine glands, molecules are stored
in large vesicles (1-1.5 μm in diameter) that are released at specialized domains of the
plasma membrane, typically the apical poles, which form ductal structures leading directly
to the external environment (Fig. 1B).
Light microscopy: a powerful tool to study regulated exocytosis
Regulated exocytosis has been primarily studied using a variety of biochemical,
immunological or electrochemical assays aimed at measuring the amount of secreted
molecules. Although these approaches offer an accurate view of the secretory activity at the
single cell level, they do not provide any mechanistic information on the exocytic steps or
on the morphology and fate of individual exocytic vesicles. Alternatively, regulated
exocytosis has been investigated by measuring membrane capacitance. This approach
enables studying in great detail individual fusion events at the plasma membrane, thus
providing accurate information on the opening of the fusion pore and the size of fusing
vesicles. However, its major limitations are the inability to distinguish between endocytic
and exocytic events, and to provide morphological information on exocytic vesicles before
or after the fusion step. The latter issue has been addressed by using electron microscopy,
which does not allow studying the dynamics of the exocytic events.
These approaches have been complemented by the recent advancements in time-lapse light
microscopy and the development of fluorescent protein technology. Here we briefly describe
few of the techniques that have been successfully used to study specific steps of regulated
exocytosis (Table 1). Among them, total internal reflection microscopy (TIRF), has
permitted to image the exocytic steps that occur in close proximity to the plasma membrane
(13). For example, the machinery regulating docking and fusion of the exocytic vesicles
transporting the glucose transporter 4 (GLUT4) has been thoroughly dissected by TIRF.
Studies in primary rat adipocytes expressing GFP-tagged GLUT4 have revealed that under
basal conditions GLUT4-containing vesicles traffic towards the plasma membrane in a
microtubule-dependent fashion, whereas insulin stimulation promotes their tethering and
fusion with the plasma membrane (14). Furthermore, some of the components regulating the
opening of the fusion pore have been identified by using the pH sensitive probe VAMP2-
pHluorin targeted to the GLUT4-containing vesicles (15). Similar approaches have been
used to study the exocytosis of dense core vesicles in bovine chromaffin cells, PC12 cells,
and primary cultured hippocampal neurons (13, 16, 17), lytic granules in cytotoxic T
lymphocytes (4), and insulin granules in pancreatic beta cells (18). However, TIRF does not
allow imaging exocytic vesicles that are distant from the plasma membrane and its use is
restricted to cell cultures adherent on glass. In this respect, spinning disk confocal
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microscopy has been successfully applied to follow the fate of exocytic vesicles before and
after the fusion step. For example, the machinery regulating the exocytosis of the Weibel-
Palade (WP) bodies in cultured human endothelial cells has been dissected by using a
combination of spinning disk confocal and correlative electron microscopy (19). The fusion
of the WP bodies with the plasma membrane and the kinetics of release of two cargo
molecules, the von Willebrand factor (VWF) and the leukocyte receptor P-selectin, was
analyzed in details. Interestingly, the extrusion of the VWF was facilitated by the
recruitment of a dynamic actin ring and the actin motor myosin IIb around the WP bodies
(20). The use of the spinning disk has been extended to ex-vivo preparations. Indeed,
recently, it has been successfully used in isolated pancreatic acini where the exocytosis of
large secretory granules containing syncollin-pHluorin has been studied under both
physiological and pathological conditions (21).
Both confocal and two-photon laser scanning microscopy have also been widely used to
study regulated exocytosis. However, due to their temporal and spatial resolution they are
better suited to study larger vesicles that exocytose with slow kinetics. In addition, both
techniques have been used in thick tissues such as ex-vivo model systems derived from
exocrine organs. Several studies were carried out by bathing acinar preparations in small
fluorescent dyes, such as low molecular weight dextrans or sulphorhodamine-B, which
accumulate in the extracellular space and upon the opening of the fusion pore access the
secretory granules (9, 10, 22-25). This approach enabled measuring the kinetics of the pore
expansion, the diffusion of proteins and lipids from the plasma membrane into the secretory
granules (26-28). Furthermore, both techniques have permitted to image simultaneously
regulated exocytosis and other processes such as Ca++ signaling that elicits and regulates
most of the exocytic processes (9, 29). Finally, expression of fluorescently tagged proteins
have been instrumental to identify several factors implicated in exocytosis such as SNAREs
(22, 26), Rabs (30), and component of the cytoskeleton such as F-actin (31) and myosin
motors (4, 32-34). Overall, these complementary techniques have enabled acquiring detailed
information of different exocytic events before, during and after the fusion steps.
Regulated exocytosis in live animals: insights from intravital microscopy
Light microscopy has clearly contributed to advance our knowledge of the machinery
controlling regulated exocytosis. Nonetheless, although light microscopy techniques have
improved to the extent of breaking the diffraction limit of light (35), their application has
been primarily restricted to in vitro (i.e. cell cultures) or ex vivo preparations. These systems
offer several advantages, such as a tight control of the experimental conditions, which
results in high reproducibility, and in the possibility of performing genetic and
pharmacological manipulations. However, often they do not fully reproduce the conditions
found in the native tissue of a live multicellular organism. For example, cell cultures are
excellent tools to study endocrine and neuroendocrine secretion whereas they exhibit some
limitations as models for regulated exocytosis in exocrine glands. Indeed, acinar cells
isolated from explanted salivary glands rapidly de-differentiate and within few hours they
lose their polarity and all the secretory granules (36). For these reasons, the field of exocrine
secretion has relied extensively on preparations derived from freshly explanted organs.
However, these preparations are based on the use of mechanical and enzymatic procedures
that may have adverse effects on the response to exocytic stimuli. Moreover, although some
aspects of the architecture of intact organs are maintained, other structural components are
missing, such as extracellular matrix, supporting cells, and ductal structures. More
importantly, they lack the contribution from signaling molecules provided by the vasculature
and the nervous system. Particularly, the latter has a profound influence on the response to
excitatory stimuli, since denervation in live animals results in alterations in both the
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morphology and the exocytic capacity of the secretory apparatus, as shown in several studies
(37).
Hence, the ideal approach to study regulated exocytosis would apply light microscopy
techniques to live animals. This can be achieved by using intravital microscopy (IVM). The
term IVM encompasses a series of techniques based on light microscopy that enables
imaging biological processes in living organisms (38-41). IVM has been initially used in the
early 1920's but only in the last two decades have been successfully developed and applied
to various fields such as neuroscience (40), immunology (42) and tumor biology (38, 39).
IVM has made it possible to study the dynamics of tissue response under various
physiological and pathological conditions (43), the behavior of single cell during the
immune response (42), the invasive and metastatic activity of tumor cells (44, 45), and the
dynamics of structures in the submicron range, such as dendritic spines (46). The first
attempts to image intracellular organelles have been performed in the kidney of live rats and
mice, where the internalization of fluorescently tagged molecules, such as dextran or folate,
were imaged in the proximal tubuli (47, 48). However, due to motion artifacts originating
from heartbeat and respiration, the dynamics of the endocytic events were only imaged for
short periods of time. To overcome this issue a series of strategies that permit imaging the
behavior of subcellular structures in live animals for long periods of time were developed
(41, 49, 50). The salivary glands of live rodents were used as a model organ, and two-photon
IVM was used to analyze the endocytosis of fluorescent molecules and their trafficking
through the endo-lysosomal system (49). Notably, these organs provide the opportunity to
study dynamic cellular processes at the molecular level since they are amenable to both
pharmacological and genetic manipulations in situ (50).
Recently, confocal IVM has been used to study the regulation and the modality of the
exocytosis of large secretory granules in salivary glands in vivo, and to unravel the role of
the actin cytoskeleton in the dynamics of this process (6). These questions were addressed
by using a combination of different approaches such as: 1) transgenic mouse models, 2) the
ability to transfect genes into the acinar cells, and 3) the ability to selectively deliver
fluorescent probes and pharmacological agents into the salivary glands. Mice expressing
cytoplasmic GFP and/or a membrane-targeted peptide fused with the fluorescent protein
Tomato (m-tomato) has enabled imaging and analyzing the kinetics of secretory granules
exocytosis leading to two major findings. First, in salivary glands in vivo exocytosis of large
secretory granules is triggered exquisitely by beta-adrenergic stimulation (Fig. 2A). This
finding that is also supported by data from another group (51), is at odd with most of the
data in the literature, which were generated in ex-vivo salivary glands models. Indeed,
several studies suggested that protein secretion and exocytosis of secretory granules are
regulated by the synergistic action of both muscarinic and beta-adrenergic receptors (36, 52,
53). Second, by using three independent experimental approaches in vivo, secretory granules
were observed to fuse with the plasma membrane and gradually collapse after the opening of
the fusion pore (Fig. 2A). This process occurred without any evidence of compound
exocytosis (6), as previously described in several ex-vivo systems (24, 25, 53-55).
The ability to transiently express in vivo a fluorescently tagged probe for F-actin (lifeact,
(20)), either alone or in combination with a marker for the plasma membrane has been
instrumental to investigate the mechanism driving the gradual collapse of the secretory
granules and the role of the actin cytoskeleton in regulating this process. Upon stimulation
of exocytosis, F-actin is recruited onto those secretory granules close to the apical plasma
membrane, as previously reported by others (55, 56). However, the recruitment occurs only
after their fusion with the plasma membrane and the opening of the fusion pore. In addition,
the disruption of the actin cytoskeleton, by delivery of pharmacological agents such as
cytochalasin D or Latrunculin A, results in the impairment of the secretory granules collapse
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and in an almost two-fold increase in their size. This effect is due to two main factors: the
initial increase in the hydrostatic pressure generated by fluid secretion that occurs in parallel
to exocytosis (6, 57), and the fact the secretory granules in the cytoplasm fuse with the large
secretory granules that are fused at the plasma membrane in a process reminiscent of
compound exocytosis. Finally, two of the isoforms of myosin II (IIA and IIB) are recruited
onto the secretory granules after fusion with the plasma membrane. Their contractile activity
affects the gradual collapse of the granules and counteracts the expansion produced by the
hydrostatic pressure. These data obtained by IVM have unraveled a complex scenario in
which a functional contractile actomyosin complex assembles onto the secretory granules
during exocytosis to perform at least three functions: 1) to counteract the effect of the
hydrostatic pressure as discussed in detail elsewhere (57), 2) to prevent the homotypic
fusion of the granules at the apical plasma membrane and 3) to facilitate the gradual collapse
of the secretory granules (Fig. 2B).
In summary, IVM has enabled investigating both the regulation and modality of regulated
exocytosis in salivary glands and dissecting some of the molecular components involved in
this process. It is important to emphasize that IVM has unraveled discrepancies between in
vitro and in vivo model systems, and revealed novel aspects associated with exocytosis, such
as the contribution of the hydrostatic pressure, that can only be observed in live animals.
Although the reasons for discrepancies between in vivo and in vitro model systems have not
been investigated thoroughly, it is reasonable to assume that the procedures used to isolate
the acinar structures and the lack of signaling molecules may alter some aspects of the
glands physiology. For example, the formation of micropores at the plasma membrane has
been reported to activate membrane-repair mechanisms that use Ca++ dependent pathways to
mobilize intracellular membranes (58). This may lead to the generation of a pool of pre-
docked secretory granules that would be more sensitive to muscarinic stimulation. On the
other hand, the lack of the extracellular matrix and other signaling molecules may affect the
dynamics of the actin cytoskeleton, whose organization is linked to signals coming from the
extracellular space (59), providing some suggestions on why compound exocytosis is
observed in ex-vivo models. As for the hydrostatic pressure, its effect on exocytosis and the
homeostasis of the apical plasma membrane, was not observed in ex vivo models, where the
ductal systems are either absent or only partially preserved (57). This underscores how IVM
provides the opportunity to observe novel phenomena that are unique to in vivo settings.
Technical challenges of intravital microscopy
Although most of the experimental details have been described elsewhere (6, 49, 60), we
feel that the reader would benefit from a brief description of the major technical challenges
that have to be addressed in order to successfully use IVM to study regulated exocytosis or
any other membrane trafficking event. As mentioned previously, one of the major
challenges is the minimization of the motion artifacts due to the respiration and the
heartbeat. In this respect, the salivary glands represent an ideal organ for IVM, since in
rodents they are located in the neck region, where motion artifacts are lower when compared
to other areas of the body, such as the abdomen. Nonetheless, two strategies were used to
further reduce the motion artifacts: one based on a custom made holder, which
accommodate the exteriorized glands while completely connected to the vasculature and the
central nervous system (49, 60), and the other based on the use of specific tools, which
properly position the glands on the microscope stage and immobilize the animal body (6,
60). Another crucial factor is the temperature of the body and the exteriorized organs. This
has to be maintained within of 2-3°C to the normal body temperature (mice, 37°C and rats,
38-39°C) to avoid a reduction in the number of exocytic events and a more general halting
of the movements of other subcellular organelles. Moreover, particular care has to be taken
in externalizing the glands without compromising their integrity and in positioning them in
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order to avoid reduction in blood flow. Indeed, reduction in blood supply almost
immediately results in alteration of the morphology of the plasma membrane such as
blebbing or vacuolization.
At the moment, the major limitations of IVM are the ability to image very fast processes,
such as the regulated exocytosis of synaptic vesicles, and to reach specific area of the tissue
that are well below the maximal depth currently reachable by light microscopy, such as the
adrenal medulla in the adrenal glands. The first issue can be solved with the new generation
of fast-scanning microscopes, whereas the second issue could be overcome by perfecting
surgical procedures, or with the use of specific probes such as the GRIN lenses (61), chronic
ports of observations (62, 63), or implanted prisms (64).
Conclusions and Perspectives
Regulated exocytosis is a very complex multi-step process that occurs in different modalities
depending on the secretory systems. The use of in vitro and ex vivo experimental systems in
combination with light microscopy provides the basis of our current knowledge on the
kinetics of single exocytic events and is instrumental to unraveling the molecular machinery
controlling regulated exocytosis. However, since the architecture of the secretory cells and
their surrounding environment strongly influence the modality and the machineries
controlling regulated exocytosis, it is important to choose and maintain experimental
settings that are as close as possible to the physiological environment. Studies in the salivary
glands of live rodents show that there are some significant differences between in vivo and
ex vivo models in terms of both regulation and modality of regulated exocytosis. Although it
is not known to what extent these differences extend to other organs or to other cellular
processes, it is important to be aware of them. IVM can be used to investigate the underlying
reasons for these discrepancies and to confirm data or hypothesis generated in in vitro
models. However major efforts should be devoted towards using IVM as one of the main
methods to study regulated exocytosis thus complementing other experimental approaches.
The same tools developed for the salivary glands can be easily applied to other exocrine
glands, such as pancreas, lacrimal and mammary glands. Furthermore, novel tools are now
available to address additional questions using IVM. Among them, mice expressing
fluorescently tagged lifeact (65), myosin IIa and IIb (66), GLUT4 (67), membrane markers
(68), and relatively novel procedures to perform protein ablation in vivo via siRNA or
shRNA (69).
In conclusion, we believe that IVM has already reached the maturity to be fully exploited to
study not only regulated exocytosis and other membrane trafficking events but to address
fundamental questions in cell biology.
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Figure 1. Regulated exocytosis
A – Modality of regulated exocytosis. Upon stimulation, exocytic vesicles fuse with the
plasma membrane and the fusion pore opens. Exocytic vesicles can undergo: 1) full
collapse, 2) kiss and run, or 3) compound exocytosis. B - Different architecture of the
secretory organs. In neurons, small synaptic vesicles release their content at the pre-synaptic
terminals into the synaptic cleft (left). In endocrine glands, such as the pancreatic islets,
molecules are released in the extracellular space and reach the bloodstream (center). In
exocrine glands, such as the salivary glands, cargo molecules are released into a series of
canaliculi and ducts that are connected to the oral cavity (right)
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Figure 2. Exocytosis of large secretory granules in the salivary glands of live animals
A -Mice expressing GFP (upper panels), m-Tomato (center panels) or rats expressing GFP-
lifeact (lower panels) were anesthetized, the submandibular Salivary glands were surgically
exposed and imaged by confocal IVM as described in (6). Isoproterenol, an agonist of the
beta-adrenergic receptor, was injected subcutaneously to stimulate exocytosis. The
Secretory granules (arrows) gradually collapse with the apical plasma membrane (red
asterisk). F-actin is recruited onto the membrane of the Secretory granules (lower panels).
Bars 5 μm (left panels) and 2 μm (time sequences). B – Diagram summarizing the
exocytosis of the Secretory granules in Salivary glands. After fusion with the plasma
membrane, F-actin (blue) and myosin IIA and IIB (yellow) are recruited onto the
membranes of the Secretory granules. The contractile activity of the actomyosin complex
facilitates the gradual collapse of the Secretory granules.
Masedunskas et al. Page 12

























Masedunskas et al. Page 13
Table 1
Current light microscopy-based techniques used to study regulated exocytosis
Technique Imaged Step and advantages Limitations Model systems
TIRF Docking
Tethering
Kinetics of the fusion pore
Small vesicles
Only vesicles at the PM
No info on pre- or post-fusion steps
Only adherent cells
In vitro
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